During 1989 and 1990 over 180 000 hadronic and leptonic events, corresponding to 8 pb 1 of luminosity, were collected by the ALEPH detector in a scan of the Z peak at the e + e collider LEP. This letter reports the results of a search in these data for particles with unexpected mass and charge by measurement o f the ionization energy loss of charged tracks in the ALEPH TPC central tracking detector. The mass limits for the pair production of fractionally charged particles and of heavy, long lived charged particles are extended to 43 GeV=c 2 at 90% condence level. If single production of a heavy particle is considered, the mass limit is extended to more than 70 GeV=c 2 .
Introduction
The results from LEP have conrmed the standard electroweak model, and the production and properties of hadronic events are consistent with expectations based on QCD. A widely accepted premise of the Standard Model is that quarks are conned. However, connement is not necessary in the Standard Model [1] and has not been proven theoretically in QCD. Rather, it is invoked to explain the experimental fact that no free quarks have been detected. Whether free quarks can be produced is still one of the open fundamental experimental questions. On the Z pole quarks are produced with high momenta mainly by the weak interaction and might become free without contradicting the numerous limits given by experiments at lower e + e centre of mass energies [2, 3, 4, 5, 6, 7, 8, 9] . A number of searches for \new" particles have previously been carried out in ALEPH, and limits have been set on the production of new, heavy particles in the decay of the Z. These searches have assumed that heavy unusual particles would decay t o k n o wn charged particles before reaching the tracking chambers, according to characteristic signatures. Neutral, long-lived, weakly-interacting particles have also been excluded [10, 11, 12] . The present search is complementary to these, and sets limits on the production of long-lived charged particles with ionization losses not expected by standard mass and charge assignments.
This study concentrates on the search for new charged particles whose interaction length is comparable to or larger than that of the stable hadrons 1 and which appear in pairs, usually accompanied by jets (e + e ! xx + hadrons). Single production of unusually ionizing particles is also studied within the kinematic limits, covering the case of singly produced long lived charged particles and the case where a conservation law is maintained by the production of a low mass partner, as in some extensions to the Standard Model .
The main tracking detector of ALEPH, the Time Projection Chamber (TPC), has been designed to measure the ionization loss of charged particles and has been used extensively in particle identication in ALEPH publications. It is also well suited for a search for charged tracks with ionization losses inconsistent with the expectation for known particles.
In Fig. 1 the expected ionization loss (dE=dx) curves of known particles in the ALEPH TPC are shown, normalized to a minimumionizing particle (MIP), as a function of the apparent momentum (momentum divided by the magnitude of the charge). These lines are drawn according to the empirical formula [13] , dE dx = q 2 p (K + 2 ln () p ()) ; (1) where q is the charge in units of the electron charge, and are the usual Lorentz variables, and , p, K, and the polynomial () are obtained from the ALEPH data [14] . A scatter-plot of dE=dx versus apparent momentum from part of the data sample is shown in Fig. 2 . The signature of a fractionally charged or heavy, long-lived charged particle would appear as an entry in Fig. 2 well outside the bands populated by the known particle species. In Fig. 1 the expected curves for fractionally charged particles (q = 1 = 3 ; 2 = 3 ; 4 = 3) of mass 5 GeV=c 2 are shown, indicating the sensitive regions for this analysis. The low ionization region I is bounded from above b y a line drawn 4 below the mean ionization of the known q = 1 particles, and from below by the detection eciency of the detector. The high ionization region II is bounded from below by a line 4 above the mean ionization of the known q = 1 particles, from the left by the ionization curve of a mass 1.2 GeV=c 2 , q = 1 particle, and from above b y the limits imposed by the dynamic range of the TPC electronics. The boundaries are drawn for an average resolution. Copiously produced heavy new particles would form a band about a curve specic to their charge and mass. 1 Assuming an interaction cross section of ten times that of a 5 GeV=c pion and the given amount of material before the TPC active v olume, the sensitivity of this experiment extends to interaction lengths larger than about 0:12 g=cm 2 .
2 The ALEPH Detector The ALEPH detector is described in detail elsewhere [15] . Only a brief description of the features relevant to this analysis is given here. Close to the beam pipe is the inner tracking chamber (ITC), with eight concentric drift chamber layers of active length 200 cm, inner radius 12.8 cm and outer radius 28.8 cm. The ITC is used in both the track trigger and the track reconstruction.
Surrounding the ITC is the large Time Projection Chamber (TPC), a cylindrical, threedimensional imaging drift chamber with 18 multiwire proportional chambers (sectors) at each end, with active length 2220 cm, inner radius 31 cm and outer radius 180 cm. It has an axial electric eld, of 120 V=cm, parallel (or antiparallel) to the 1.5 T magnetic eld and of opposite direction in the two halves, which are divided by a conducting membrane located in the z = 0 plane. Electrons from ionization drift to the end plates where they are detected by wire chambers with cathode planes that are segmented into concentric rows of 3 cm long by 6.2 mm wide pads. The cathode-pad rows provide measurements of up to 21 space points for charged particles. Charged particles within j cos j < 0:96 cross all 8 layers of the ITC and at least 4 cathode-pad rows of the TPC. In addition, up to 330 measurements of the ionization loss, dE=dx, for each c harged particle are provided by the TPC sense wires. In hadronic events the dE=dx resolution obtained is 4.4% for 330 ionization samples. The material before the TPC active v olume corresponds to 0.065 radiation lengths and 0.015 interaction lengths.
The electromagnetic calorimeter (ECAL) is a highly segmented sandwich of wire chambers and lead plates, with a thickness of 22 radiation lengths and covering the polar angle region j cos j < 0:98. The position and energy of the electromagnetic showers are measured using 33 c m 2 cathode pads connected internally to form projective t o w ers. Each t o w er is read out in three stacks with depths corresponding to 4, 9, and 9 radiation lengths. For electromagnetic showers the energy resolution is measured to be E=E= 0 : 18= p E (E in GeV). The ITC, TPC, and ECAL are enclosed in a superconducting solenoid which provides an axial magnetic eld of 1.5 T. The 120 cm thick return yoke of the magnet is instrumented with 11 c m 2 streamer tubes to form the hadron calorimeter (HCAL), covering the angular region j cos j < 0:99.
The triggers for hadronic events have been described in detail in other publications [15, 16] . They depend on having a charged trigger from the ITC and a particle penetrating the HCAL in the same azimuthal region as the ITC signal or an ECAL energy deposition greater than 0.2 GeV (1.3 GeV in 1989) in a module in the same azimuthal region as the ITC signal. The overall trigger eciency for hadronic Z decays is 100%. The trigger eciency for the present search i s t h e reported 100% only when the ionization of at least one track in the event gives an ITC trigger. For the study of two body production of fractionally charged particles the eciency is assumed to be zero when the expected energy loss in the ITC is less than that of a MIP.
Event Selection
ALEPH data from 1989 and 1990, with over 180 000 hadronic and leptonic events corresponding to 8 pb 1 of data, have been used in the present analysis. An event w as accepted in the analysis if there was an ALEPH charged trigger, as described above, and all detectors were active. Runs with high backgrounds in the TPC were excluded. The event sample for this study included low multiplicity e v ents which are usually classied as two photon or beam gas events.
Tracks were considered as candidates for the high ionization region II if they had at least 6 TPC and 4 ITC hits used for the helix t, which eectively limits the polar angle to the range of 24:5 to 155:5 . The 2 =dof of the helix t was required to be less than 4. The dE=dx measurement w as required to come from at least 150 wires, which gives in the worst case a resolution of 5.5%. In order to eliminate -rays and nuclear fragments coming from secondary interactions in the beam pipe and the walls of the tracking detectors, a stringent cut was imposed on the minimum distance of the track helix to the main interaction vertex of the event, expressed in the plane perpendicular to the beam as jd 0 j < 0:5 cm, and parallel to the beam as jz 0 j < 5:0 cm. For the low ionization region looser track selection criteria were used, since the lower ionization energy loss may result in fewer and worse coordinate and fewer dE=dx measurements in the tracking detectors. In this case charged tracks were required to have at least 4 TPC hits used for the t, and may h a v e as few as zero ITC hits. The 2 =dof of the helix t in this case was required to be less than 9. The dE=dx measurement w as required to come from at least 80 wires. The distance to the event v ertex was required to satisfy jd 0 j < 2:0 cm and jz 0 j < 10 cm.
In order to identify and reject tracks appearing as candidates in the low ionization region I due to a malfunction in the TPC readout electronics which aected 0.1% of the events, a check of the raw wire digitizations was made. Track candidates which had contributions from digitizers which in the same event g a v e i n ternally inconsistent measurements, or track pulse height distributions inconsistent with a Landau distribution, were rejected.
Due to the nite two track resolution of the TPC, two same-sign tracks with momenta larger than 5 GeV=c and an opening angle less than two degrees often are not properly resolved [14] . In order to increase the rejection of such candidates, additional cuts were applied in the track selection and dE=dx evaluation. Use of the independent pad pulses was made to reject tracks associated with overly broad pad clusters, and tighter cuts were applied in the association of wire pulses with tracks than were used in the standard reconstruction.
In order to exclude the background from deuteron and tritium particles, a band within 2:5 from the expected mean ionization of these particles has been excluded. All tracks which w ere rejected by this cut and were well separated from the electron band have been found to have positive c harge. To exclude remaining beam gas or two photon events from the set of candidates, a cut on the charged energy imbalance along the z direction was applied. An event w as rejected as a beam gas event i f j E + E j j E + + E j > 0 : 95 and E cal < 50 GeV ; (2) where E + (E ) is the summed energy of charged tracks with cos > 0 (cos < 0) and E cal is the total calorimetric energy of the event. It has been checked with the Monte Carlo sample that this cut keeps all hadronic Z events at the level of 99.99%. For the 8 events that are removed by this cut, the candidate track has low momentum, positive c harge, and dE=dx less than 4 away from a n uclear band.
Finally, 9 candidates remain in region I and 35 candidates in region II (Fig. 3) . A visual scan of these candidates conrms that they have no accompanying signature that would distinguish them from normal hadronic or leptonic Z events other than the high or low ionization of the one track.
The backgrounds were extensively studied using a hadronic Monte Carlo event sample. All the qualitative features of the data are reproduced. A clear two track o v erlap band appears in region II. The boundaries of this band, shown in Fig. 3 , are dened by the overlap of the expected ionization of pairs of particle types, excluding the combinations for which both tracks are electrons.
The candidate tracks in both regions have no striking signature in the calorimeters, and there are no unusual energy ow patterns in the events. An isolation angle cut of 20 from the nearest neighbour with momentum larger than 1 GeV=c rejects all of these candidates. Thus for specic models which w ould predict such isolation of the particles of interest, the number of candidates is zero without any further cuts.
The 9 candidate tracks in region I which pass the 4 cut designed to exclude the bulk of the background are all less than 5 away from a known particle ionization curve. All of these tracks have l o w momenta, corresponding to masses less than 5 GeV=c 2 . The average charged hadron momentum in the data is 2.5 GeV=c, and the minimum of the ionization curves, as can be seen in Fig. 1 and Fig. 2 , is very densely populated by l o w momentum particles. It is thus reasonable that the background which survives the 4 statistical cut is concentrated below 2.5 GeV=c momentum. The 35 candidates in region II can be grouped as follows:
Two tracks reconstructed as one due to the jet-like nature of the hadronic Z decays and the limits imposed by the detector granularity (i.e. cases where two same-charge tracks are close together in space and momentum). The energy deposition in the calorimeters is consistent with this interpretation in each case.
Beam gas events that just pass the asymmetry and energy cuts. They have a positively charged track with momentum less than 1 GeV=c which is lying less than 3:5 away from the deuteron ionization curve.
Electrons (positrons) with multiple overlapping delta rays, resulting in ionization values which pass the 4 cut. Each is found to have an electron signature in the ECAL. A cut which excludes a band of the sensitive region in the area of the double track ionization reduces to 3 the number of events in region II. In this case a track is rejected if its dE=dx measurement is within 2:5 from the expected ionization of any combination of double tracks of known charged particles. The remaining three events in this region are two beam gas candidates, which fall just beyond the cuts applied in relation 2 and are less then 3:5 from the deuteron ionization band, and a candidate consistent with being an electron, as determined from the calorimetric signature. All three have momenta less than 1 GeV=c.
Thus in total there are 9 candidates in the low ionization region I, and 3 in the high ionization region II, all of which can be attributed to remaining known background, and which correspond to masses smaller than 5 GeV=c 2 , as can be seen in Fig. 1 . As the Monte Carlo simulation of the tails of the ionization distribution have large systematic errors, the limits in this low mass region would depend on the particular parameterization chosen for the background. In the next section the choice is made to report limits for mass regions higher than 5 GeV=c 2 , where with the cuts applied there are zero observed candidates.
Mass Limits
The limit for the production of new charged particles from this search can be expressed in terms of the dimuon cross section by the ratio R x = (xx) ( + ) or R x = n " n + :
The number of dimuon events for the luminosity of the data sample used in this search is 6388. The only unknown in this ratio is the eciency " for detecting these new particles.
The eciency for detecting a particle with mass m and charge q in a hadronic event depends on the model for its production and can be expressed as " "(q;m) = R p max p min dN dp "(p; q)dp R pmax p min dN dp dp (4) with p the momentum of the particle. Two extreme models have been used for the momentum distribution dN=dp of the new particles. In Model I the momentum dependence is taken from a t to the x Bj , the standard Bjorken variable, distribution of the hadrons in the ALEPH data [19] . In Model II the momentum distribution for the produced particles is given by E dN dp 3 = Constant (5) and can be considered as a parameterization of the fragmentation function for the production of massive particles [18] . These two models cover the possible momentum phase space for the production of a new and unknown particle, and give an estimate of the dependence of the limits on the fragmentation function. Monte Carlo events were used to calculate the eciency "(p; q). It can be evaluated as a product of individual eciencies "(p; q) = " c ( p ) " d ( p; q) ; (6) assuming no correlation between them. The eciency " c (p) of the applied cuts, which denes the acceptance, was found from standard hadronic Monte Carlo events and ranges between 0.6 and 0.95. The eciency " d (p; q) that a track with charge q and momentum p within the acceptance would produce enough ionization to be detected in the TPC was found for fractionally charged particles in the low ionization region I by a special Monte Carlo simulation, with typical values of 0:6 for charge q = 2 = 3 and 0:1 for charge q = 1 = 3. The corresponding eciency for q = 1 particles and for fractionally charged particles in the high ionization region II is assumed to be 100%, as is known to be the case for normal tracks. The eciency for an exclusively produced pair of long lived quarks to give a c harged ITC trigger is 100% for ionization equal to or larger than that of a MIP [15] .
In the production of high mass particles the eciency " c is underestimated since the masses of all particles in the Monte Carlo are the standard particle masses. Pair production of heavy particles would leave little energy for large pion multiplicity. Therefore the tracks would be few and well separated, resulting in increased detection eciency. A n y eciency numbers which take this eect into account w ould depend on detailed models of production and fragmentation, and therefore, no correction has been applied.
After the cuts described in Section 3 no candidates remain in the data for masses larger than 5 GeV=c 2 . Limits are given using equation 3 with n ev = 2 : 3 (90% C.L.). They are shown as a function of the mass of the produced particles in Fig. 4 for a momentum distribution produced according to Model I. The limit contours for the inclusive production ratio R x obtained from this analysis and from other e + e experiments [7, 9] at lower energies are displayed in Fig. 5 for particles with q = 1 = 3 ; 2 = 3 ; 4 = 3 and 1, assuming the momentum distribution of Model II. It is seen that the present analysis extends the limits given by previous experiments in the mass range 15-70 GeV=c 2 . Table 1 shows the limits given by the present analysis for the exclusive reaction (e + e ! xx). In this case, for a given mass of x the momentum is uniquely determined, and discontinuities are introduced in the mass plots by the denition of the sensitive regions in Figure 1 . The trigger eciency for an event consisting of a single track with ionization less than that of a MIP cannot be easily estimated and is assumed to be zero. This reduces drastically the eective sensitive area for the exclusive production of q = 1 = 3 and q = 2 = 3 particles, and no limits are given in the present study for this case. Figure 1: The expected ionization curves for dierent particle types. The curves for the fractional charges are for a mass 5 GeV=c 2 particle. The boundaries for the search regions are displayed in the case of an average resolution. Figure 2: A scatter-plot of the truncated mean, normalized to unity for minimum ionizing particles, versus the apparent momentum is shown from a sample of events from 1989 and 1990 data which h a v e been preselected for candidates. Only one in ten tracks outside the search regions is entered in the plot. Figure 4 : The 90% C.L. limit for R x for the inclusive production of charged particles with unexpected mass and charge, assuming particles distributed in momentum according to Model I, which uses the ALEPH hadronic fragmentation function. The area above the curve is excluded. Figure 5 : The 90% C.L. limit for R x for the inclusive production of charged particles with unexpected mass and charge, assuming particles distributed in momentum according to Model II, from this and previous e + e experiments. The area above the curve is excluded.
